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Abstract
We have analysed the influence of the microstructural features, such as intergranular 
grain boundary (GB) phases and misalignment of the hard magnetic grains, on the 
optimization of magnetization reversal processes in order to improve the coercive field 
of Nd-Fe-B magnets. 
The microstructural model of the grains and intergranular phases, which is used for 
theoretical simulations, has been derived from a detailed nanoanalytical TEM/STEM 
study of a Dy/Tb free magnet and a high coercive (Nd,Tb)-Fe-B magnet. Special 
attention is laid on the EELS analysis of GB with a thickness ranging from 2 - 30 nm. 
This analysis identified the majority of the GB phases to have about 50 -70 at.% of iron 
and only a few GBs, which are connecting two nearby grain boundary junctions (GBj), 
possess a similar chemical composition as the adjacent GBj with a low iron content (< 
10 at. %) and a high rare earth and oxygen content. 
Finite element micromagnetic simulations have been carried out in order to study the 
influence of internal demagnetizing fields determined by the microstructure on the 
magnetization switching behaviour. Special emphasis was put on the influence of the 
GB and their magnetic properties, due to their substantial influence on the nucleation of 
reverse magnetic domains and the pinning of domain walls. The strongest reduction of 
the coercive field is caused by GB with soft ferromagnetic properties. Shielding the Nd-
Fe-B grains from the nucleation sites at the GBj with Dy or Tb shells, leads to an 
increase of the coercivity from 2.5 to 3.6 T and 2.5 to 4.3 T, respectively. 
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1 Introduction 
The search for candidates of suitable magnetic materials and their expected behaviour as reduction 
of the dysprosium/terbium content is of great economic and scientific interest [1]–[4]. Micromagnetic 
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simulations have been widely used for the interpretation and visualization of experimental results. 
Additionally, the correct prediction of hard magnetic hysteresis properties and reversal mechanisms of 
new materials should be the aim [5]–[7]. Nanoanalytical and high resolution transition electron 
microscopic investigations of various Nd-Fe-B sintered magnets with different rare earth (RE) content 
and coercive field, were the input for the creation of a numerical finite element model used in 
micromagnetic simulations. Special emphasis was laid on the chemical composition of the grain 
boundary phases. To understand the role of local variations of the saturation polarization and 
magnetocrystalline anisotropy, as they appear at grain boundaries, and to understand the impact of the 
addition of heavy rare earth elements, like dysprosium and terbium, on the resulting coercive field are 
the aim of these numerical simulations.  
2 Experimental and micromagnetic simulation procedure  
The chemical and morphological investigations from Nd-Fe-B permanent magnets were carried 
out on an analytical field emission transmission electron microscope (TEM) (FEI Tecnai F20) at 200 
kV, which is equipped with a silicon drift energy dispersive X-ray detector from EDAX, a Gatan 
Tridem GIF electron energy loss spectrometer (EELS) and a high angle annular dark field detector 
(HAADF). TEM specimens were prepared using the lift-out technique in a focused ion beam (FIB) 
(FEI Quanta 200 3D DualBeam-FIB). 
The software package FEMME, which is a hybrid finite element / boundary element method code, 
was used to compute the micromagnetic simulations [8]. The program solves the Landau-Lifshitz-
Gilbert equation [9] on a magnetic volume, which is discretized with finite elements. The uniaxial 
magnetocrystalline anisotropy constant K1, the saturation polarization Js and the exchange stiffness A 
are input parameters for the simulation. The easy axis of a volume can be rotated with a polar angle θ 
and an azimuthal angle φ. Soft ferromagnetic materials (grain boundaries) can be simulated setting K1 
to zero. For paramagnetic materials K1 and A can be set to zero and for nonmagnetic materials, which 
represent weak dia- or paramagnets, Js can be set to a small but non-zero value. 
The most intensive part of the simulation, computationally, is the calculation of the demagnetizing 
field Hmag. An exact analytical solution exists only for special geometries, like rotational ellipsoids. 
The demagnetizing field acts as additional nucleation mechanism, especially on the surface of the 
simulated model, where high values occur. It also takes the influence of the shape anisotropy on the 
coercivity in account. Simulations, where the demagnetizing field is switched off, are labeled 
Hmag=off. Only the exchange and magnetocrystalline anisotropy are the basis for the resulting 
coercivity in these simulations. The comparison of simulation with Hmag=off and Hmag=on, creates the 
possibility of quantifying the influence of the demagnetizing field.  
3 Results 
3.1 TEM investigation 
Nanoanalytical and selected area electron diffraction (SAED) TEM/STEM techniques were used to 
determine the chemical composition and morphology of the phases occurring in sintered Nd-Fe-B 
permanent magnets. Sample (a) was produced with He jet milling in order to obtain the smallest 
possible grain size of 1.4 µm and it contains only neodymium and praseodymium and no heavy rare 
earth (HRE) elements (µ0HcJ ≈ 2.1 T). Sample (b) has 2.4 wt% of Tb in its starting composition and 
the standard milling gas nitrogen was used resulting in an average grain size of 3.4 µm (µ0HcJ ≈ 3.0 T). 
Figure 1 shows HAADF images of the FIB lamella of sample (a) (a-1) and of sample (b) (a-2). 
 
  
 
Figure 1: STEM image of a FIB lamella of a HRE-free sintered Nd-Fe-B magnet (a-1) and of a sintered 
(Nd,Tb)-Fe-B magnet (b-1). (a-2) and (b-2) are morphological maps, where specific colors were assigned to the 
occurring phases. 
Several RE-rich phases were found beside the main 2-14-1 phase, which is colored gray in Figure 
1. The c-Nd2O3 phase, which has a cubic crystal structure (a = 1.108 nm, Ia͞3 (no.206)) [10], is mostly 
found in grain boundary junctions (GBj) and is colored red in Figure 1 (a-2). This phase was identified 
with a Fast Fourier Transformation (FFT) of a high resolution TEM (HR-TEM) image (Figure 2 
②&③). The fcc-NdO phase (a = 0.4994 nm, cF8 (no.225)) [11] occurs in grain like structures in 
sample (a) and was identified with SAED images (Figure 2 ④) acquired in the blue phase in Figure 1 
(a-2). These phases were also reported by Fidler [12], Fidler et al. [13], Tang et al. [14], Lemarchand 
et al. [15], Wang and Li [16] and Hrkac et al. [17]. The RE-rich GBj phase of sample (b), which is 
colored in green, is a mixture of the Nd2O3 and NdCu phase. A bright field TEM image showing a 
GBj and three neighboring Nd2Fe14B grains, which are separated by GB phases, is displayed in Figure 
2 ①. A GB which is perpendicular to the c-axis of the adjacent grain is indicated as “x”-GB and one 
that is parallel is a “y”-GB. Figure 2 ② shows a HR-TEM image of the edge of the GBj, were the FFT 
for the identification of the GBj-phase was taken from.  
 
Figure 2: Bright field image of a GBj surrounded by three Nd2Fe14B grains ①, HR-TEM image of the edge 
of the GBj ②, FFT accrediting the c-Nd2O3 phase to the GBj ③, SAED of an fcc-NdO RE-rich phase ④. 
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Detailed EELS experiments were conducted, in order to study the chemical composition of GB in 
both samples. For reliable quantitative EELS analysis, Nd2Fe14B, Pr2Fe14B and Tb2Fe14B standards 
were investigated. The high quality of the chemical analysis of these samples can be seen in the good 
correspondence of the measured composition of the gray phase RE11.6Fe82.3B6.1 with respect to the 
nominal composition RE11.8Fe82.3B5.9 of the 2:14:1 phase. A HR-TEM image showing an “x”-GB, 
where the [001] and [110] lattice plains of the left grain are well visible, is displayed in Figure 3①. 
The HAADF image on the bottom of ① attributes the thickness of this GB to be 2.2 nm. The average 
thickness of the GB in sample (a) was 3.1 nm and 18.7 nm in sample (b). Figure 3 ② and ③ show the 
change in the chemical composition along an EELS line-scan from a RE2Fe14B grain over a GB and 
into another grain. Two different kinds of GBs were found in these samples. The majority of the GB 
have a high iron content of 50 – 70 at. % (Figure 3 ②), which is in good agreement with recent three 
dimensional atom probe (3D-ATP) experiments of sintered Nd-Fe-B magnets [18], [19]. GB 
connecting two nearby GBj, possess a similar chemical composition as the adjacent GBj with a low 
iron content (< 10 at. %) and a high RE and oxygen content (Figure 3 ③). 
 
 
Figure 3: HR-TEM image of an “x”-GB ①, EELS line-scan from a grain across a GB and into another grain 
② and ③. 
 
3.2 Micromagnetic simulations 
In order to determine the influence of GB phases on the nucleation of reverse magnetic domains in 
the presence of an external magnetic field in sintered Nd-Fe-B magnets, micromagnetic simulations 
with various models have been carried out (Figure 4). A Model consisting of Nd2Fe14B grains 
separated by a 4 nm GB, which is orientated perpendicular to the easy axis of magnetization (c-axis) 
of the adjacent grains (“x”), was used to examine the role of the GB as a nucleation site of reverse 
magnetic domains. Another similar Model, where the GB is orientated parallel to the c-axis of the 
adjacent grains, was used to determine the pinning behavior of the GB. The 8-g model ① (Figure 4) 
consists of 8 100x100x100 nm Nd2Fe14B grains separated by a 4 nm GB phase and is a combination of 
the two models mentioned before. The misorientation angle θo of the c-axis of the hard magnetic 
grains with respect to the external field was varied, to obtain realistic conditions for the simulation. 
The influence of a core-shell (cs) structure, like in Dy-F treated Nd-Fe-B magnets, on HcJ is simulated 
in the 8-g-cs model ② (Figure 4), where an 8 nm thick HRE2Fe14B (HRE=Dy, Tb) shell was put 
between the GB and the Nd2Fe14B grains.  
② ② ① ③ 
  
 
Figure 4: Finite element models used in micromagnetic simulations consisting of 8 Nd2Fe14B grains 
separated by a 4 nm GB ①, the grains are separated from the GB by an 8 nm thick HRE2Fe14B ②. 
For a ferromagnetic (fm) GB the nucleation site of the reverse magnetic domains (blue) is located 
at region with the highest density of the GB material, which is at the GBj in the center of the model 
where the three GB plains intersect (Figure 5, ①). For small values of θo the expansion of this reverse 
domain is isotropic along the GB and into the hard magnetic grains. In case of paramagnetic (pm) GB 
the nucleation site of the reverse magnetic domains occurs at the GBj, only if the demagnetising field 
hmag is turned off. The nucleation site moves to the GBj on the surface, which is perpendicular to the 
external field, if hmag=on. The nucleation sites of the reverse magnetic domains in the model with 
nonmagnetic (nm) GB are located at the outer corners of the model, where the field strength of the 
demagnetizing field reaches its maximum value (Figure 5, ②). The pinning behaviour of the “y”-GB 
is visible at the top left grain in ②. The strong influence of the magnetic properties of the GB and the 
demagnetizing field on the coercive field HcJ can be seen in the hysteresis loop, where the continuous 
lines correspond to hmag=on and the dashed lines to hmag=off (Figure 5, ③). The orientation of the 
spins in the ferro magnetic GB is coupled to the surrounding hard magnetic grains due to the high 
exchange stiffness A (see Table 1). In case of the paramagnetic GB, A is much smaller and in 
combination with the high JS, this GB is not coupled with the grains and switches already with a still 
positive external field, due to a reduction of the demagnetizing field. The nonmagnetic GB, having a 
low A and JS, is therefore hardly influenced by the external magnetic field and switches 
simultaneously with the grains. The simulation with nm GB and hmag=off results in an HcJ, which 
reaches 98 % of the anisotropy field of Nd2Fe14B (7.65 T). The nm GB acts as a magnetic shield, 
prohibiting any magnetic exchange between the grains. If hmag=on, the grains are exchange coupled 
through the demagnetizing field, reducing HcJ by almost 2 T. In the model with fm GB hmag has the 
smallest influence, because the grains are already strongly coupled due to the high exchange stiffness 
A of the fm GB. 
① ② 
θ0 
c-axis 
Hext 
“x” 
“y” 
  
 
Figure 5: For ferromagnetic (fm) GB nucleation of a reverse magnetic domains occurs at the center of the 8-g 
model ①, the reverse magnetic domains nucleate at the edges of the model in case of nonmagnetic (nm) GB and hmag=on ②. Simulated hysteresis loops of different GB materials and hmag=off (dashed) & on is shown in ③. 
The material parameters of the GB phases are shown in Table 1. K1 was set to zero in all the GB 
materials. Recent electron holographic TEM and spin-polarized SEM experiments attribute the GB to 
be ferromagnetic with a Js of 0.5 – 1.0 T [20], [21]. Therefore the Js of the fm GB was set to 0.75 T. 
The high Fe content of the GB, which was obtained by the EELS and 3D-ATP experiments [18], [19], 
indicates the GB to be soft-ferromagnetic. Therefore the exchange stiffness A was set to 
approximately a tenth of the value bulk iron (22 pA/m) [22] in fm GB and one hundredth of the value 
of Nd2Fe14B (A=7.7 pA/m) [23] in nm and pm GB. Comparable resulting HcJ were obtained by 
molecular dynamic- and finite element calculations [24]. Here the grains were surrounded by a thin 
defect layer with low anisotropy and separated by a nonmagnetic GB. 
The strong influence of local fluctuations of K1 and Js on HcJ, like in the model with HRE-shell 
with an fm GB, is shown in Table 1. The models with nm and pm GBs have a stronger dependence on 
the misorientation angle, especially for small angles. The influence of the misorientation θo of the 
grains on HcJ, in models with nm and pm GB, is higher than the addition of the HRE layer. Therefore 
the values of the coercive field are higher without a HRE shell and θ0 = 0°, than with a HRE shell and 
θ0 = 10°. 
 
structure 
non-mag. para-mag. soft-ferro-mag. 
(θ0) (θ0) (θ0) 
Js = 0.001 T Js = 0.75 T Js = 0.75 T 
A = 0.077 pA/m A = 0.077 pA/m A = 2.5 pA/m 
8-g 5.54 (0°) 4.79 (0°) 2.75 (0°) | 2.46 (10°) 
8-g-cs-Dy 4.65 (10°) 4.65 (10°) 3.58 (10°) 
8-g-cs-Tb 4.66 (10°) 4.66 (10°) 4.33 (0°) | 4.34 (10°) 
Table 1: Overview of the resulting coercive field HcJ in T of various models and different grain boundary 
properties (hmag=on). Material parameter: Nd2Fe14B: K1 = 4.9 MJ/m³, Js = 1.61 T, A = 7.7 pJ/m [23], Dy2Fe14B:  
K1 = 4.5 MJ/m³, Js = 0.67 T, A = 7.7 pJ/m [25], Tb2Fe14B: K1 = 6.13 MJ/m³, Js = 0.7 T, A = 7.7 pJ/m [2]. 
② 
③ ① 
  
4 Conclusion 
TEM experiments have attributed the size of the hard magnetic grains of the investigated samples 
to be 1.4 – 3-4 µm. The mesh size of the finite element model used in micromagnetic simulations has 
to be in the order of the exchange length of the simulated material, which is 1-2 nm for Nd2Fe14B. This 
limits the maximum possible grain size to 100 – 200 nm, resulting in several million finite elements. 
Therefore a micromagnetic finite element model (200 nm)³ coupled with a macroscopic finite element 
model (1-3 µm)³, based on Maxwell equations, will be used to obtain realistic results for sintered Nd-
Fe-B magnets [26]. The main advantage of this approach is the reduction of the demagnetizing field 
on the surface of the micromagnetic model. 
The presence of a soft-ferromagnetic GB phase in sintered Nd-Fe-B magnets is supported by the 
following facts: 
• A high iron content of the GB, which was confirmed by EELS (Figure 3) and 3D-APT 
experiments [18], [19]. 
• Recent electron holographic TEM and spin-polarized SEM experiments accredit the GB to be 
soft-ferromagnetic with a Js of 0.5 – 1.0 T and significant exchange [20], [21]. 
• The simulation of the 8-g model with a ferromagnetic GB and θo = 10° results in an HcJ = 
2.46 T, which is not far from the measured HcJ = 2.1 T of sample (a). Simulation with para- 
and nonmagnetic GB overestimate HcJ by 2.69 T and 3.44 T, respectively (Table 1) 
The increase of HcJ by 0.9 T from sample (a) to sample (b) can be attributed to the following 
reasons: 
• The presence of HRE elements between the GB phase and the hard magnetic grains, acts as a 
protective shield against the nucleation of reverse magnetic domains and acts as a pinning 
layer to prevent domain wall movement through the material. 
• GB with a high RE and oxygen content were found, which should have para- or nonmagnetic 
properties and therefore have a positive effect on HcJ (Figure 5, ③). 
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